Abstract -Life cycle assessment (LCA) is a tool for answering questions related to environmental impacts of products. It is a comprehensive tool, addressing the entire life cycle, and addressing the full spectrum of environmental impacts. There are two opposite movements occurring: LCA is getting smaller, and it is getting broader. This presentation presents the general framework for a broader life cycle sustainability analysis (LCSA), and shows how the practical work related to doing an LCA, a carbon footprint, or an analysis for ecodesign, can be seen as special cases.
I. INTRODUCTION
Life cycle assessment (LCA) has been defined by ISO as the "compilation and evaluation of the inputs, outputs and the potential environmental impacts of a product system throughout its life cycle" [1, p.2] . This is at the same time a narrow and a broad definition. It is narrow in the sense that it restricts the scope of LCA to environmental aspects only. Indeed, ISO explicitly adds that "LCA addresses the environmental aspects and impacts of a product system. Economic and social aspects and impacts are, typically, outside the scope of the LCA. Other tools may be combined with LCA for more extensive assessments" [1, p.7] . And it is broad in its explicit comprehensiveness: "LCA considers all attributes or aspects of natural environment, human health and resources. By considering all attributes and aspects within one study in a cross-media perspective, potential trade-offs can be identified and assessed" [1, p.7] .
It is precisely the potential for trade-offs that induces a further broadening of LCA. Especially the case of biofuels presents a challenge here, for several reasons.
First, even though LCA is supposed to cover all environmental aspects, it is a well-established observation that not all environmentally relevant issues are included, and even when they are included, they are not always included in a meaningful way. Examples of poorly-covered issues are impact of land use and water use, deforestation, and dispersion of genetically modified organisms. Even the chemical-oriented problems -LCA's original strength -are of limited value for local problems, such as odour and toxicity.
Second, many of the problems that have been associated with biofuels do not show up in LCAs. Provision of food, dramatic increases of food prices, and violation of land property rights of farmers and indigenous peoples are some main examples here. This issue falls in the socio-economic domain, and is not part of the environmental LCA, and therefore fall outside LCA studies.
Third, even within the class of included environmental impact categories, oversimplifications yield an at least distorted picture. For instance, when the production of fuel crops takes place on land that was used before for the cultivation of food crops, food production may shift to other types of land. But the mechanisms that drive such consequences are beyond the scope of standard LCA.
Thus, we see that LCA is selected as an analytical tool because of its broad scope, but that for some key questions of contemporary policy it is certainly not broad enough. The tendency to broaden LCA is seen in the emergence of life cycle costing (LCC; see [2] ), social life cycle assessment (SLCA; see [3] ), and life cycle sustainability assessment (LCSA; see [4] ). In a recent elaboration of the LCSA [5] , the idea of a technological structure, linking the activities in a life cycle, with satellite data for environmental, economic and social performance, has been developed, thus essentially integrating the frameworks of LCA, LCC and SLCA; see also below.
At the same time, we see a wish to reduce the complexity and resource requirements of LCA. The most prominent example of this is the carbon footprint, which in most cases refers to an LCA-perspective with a single focus on climate change in terms of CO 2 -equivalents [6] . But the carbon footprint fits in a larger range of approaches that attempt to capture life cycle information in a tool that is simpler and/or quicker than LCA. Such simplified LCA tools can be categorized along various directions.
First, there are approaches that concentrate, like the carbon footprint, on a less complete set of impacts. There are approaches that concentrate on energy, or on resource requirements. The motivation for restricting the analysis to only a small set of impacts can be different. Sometimes, it follows from policy considerations, for instance when climate change has been declared to be the prime target. In other cases, there are heuristic reasons for simplifying. An example is the case of fossil power plants, where climate change and acidification are probably the most important impact types, and adding more impact categories would not really provide new insight while complicating the analysis. The carbon footprint is the most important example of this tendency to restrict the scope of LCA. The EU acknowledges that "The carbon footprint is a sub-set of the data covered by a more complete Life Cycle Assessment (LCA)" [6] .
Second, there are approaches that do not focus on impact categories, but instead offer proxy indicators that are supposed to be correlated with the real impacts. For instance, fuel use, product mass, and amount of non-recyclable waste can be claimed to bear some relation to environmental impacts. Especially in the field of ecodesign, several tools have been developed to score alternative concepts and designs on such metrics. For instance, LCAs have been "simplified" to address categories such as MET (materials, energy, toxicity; see [7] ), thus leaving out acidification, climate change, and so on.
In itself, the idea of an established theory with on the one hand pragmatic simplifications, and on the other hand theoretical abstraction, is an old idea. Newton's mechanics is simplified by engineers designing an elevator, and it is made more abstract by scientists working at relativity theory. The same situation is present for LCA: ecodesigners simplify, scientists make it more abstract. But the essential idea is that it is a continuum of approaches. The method for ecodesign should in the end be derivable from the standard LCA, and the standard LCA in its turn should be a limiting case of the more general LCSA.
This presentation presents the general framework for LCSA, and shows how the practical work related to doing an LCA, a carbon footprint or ecodesign, can be seen as special cases.
II. THE FRAMEWORK FOR LCSA
Life cycle sustainability assessment (LCSA) has been introduced by Klöpffer [4] as a way of combining the procedures and metrics of (environmental) LCA, life cycle costing (LCC), and social life cycle assessment (SLCA). Symbolically, they have been united as
This, however, represents more wishful thinking than a concrete tool. For instance, it has been noted [8] that the procedures for LCA and LCC are quite different with respect to several characteristics:
• time. LCA typically aggregates impacts along the entire life cycle, regardless of the time at which they occur. In LCC, it is practice to specify costs per year separately.
• definition of life cycle. LCA typically spans mining, production, use, and disposal. In LCC, R&D activities and marketing are typically included.
• aggregation. LCA defines the sustainability in a crossgenerational perspective: the future is as important as the present. In LCC, the future counts typically less, by using a discounting rule. Likewise, SLCA struggles to define the life cycle, the system boundaries, allocation, and other LCA-relevant steps in a way that is compatible with the conventions and practice of LCA [3] .
There are two disadvantages associated with the set-up presented above:
• It is inefficient. Specifying a life cycle for LCA and a life cycle for LCC means duplicating a lot of work.
• It easily leads to inconsistencies. Setting boundaries and applying allocation rules should be done consistently across LCA, LCC and LCSA. To resolve these issues, the CALCAS project [9] has proposed another conceptual framework for LCSA; see That the framework for LCSA is different from those of LCA, LCC and SLCA can be seen by recognizing that the three underlying tools share a common part, referred to as the technological system in Fig. 1 . This technological system represents the life cycle of the system under study. It captures all processes related to production, use, and disposal, but in principle also those related to marketing, R&D. The technological system is in fact the main subject of LCI's inventory analysis. In ISO's structure for LCA and in the daily work of LCA practitioners, most of the effort goes into collecting data and modelling this technological system. It comprises activities, such as setting the system boundaries, choosing representative technologies, collecting data on inputs and outputs of products, materials, energy and waste, validation of data, allocation, and relating the data to the functional unit. The only aspect of the inventory analysis that does not fall in this technological system is the collection, validation, and processing of environmental data.
Let us have a look at the template for LCA in CML's Handbook on LCA [11] ; see Fig. 2 . The process structure is divided into two main sections:
• the upper part having economic flows;
• the lower part having environmental flows. The definition of these two sets has been elaborated in [12] , p.20: "those which come from or go to another process (the economic flows), and those which come from or go to the environment (the environmental flows)". Comparison of Fig. 2 with Fig. 1 permits us to draw the synthesis in Fig. 3 . Fig. 3 . Basic format for process data in LSCA, based on [5] and [11] .
The term satellite in Fig. 1 is derived from input-output analysis (IOA) [13] , where an inter-industry part is the core of the system, and one or more satellite accounts can be added, to cover energy, environment, materials, and other relevant items. There is, however, one more thing besides the inter-industry part and the satellites in IOA. These are referred to by different names: value added categories, factor inputs, primary inputs. Prime examples are labor, rent, royalties, taxes, and profit. From an environmental point of view, this information is not relevant. Indeed, the LCA template of Fig. 2 does not accommodate these items. From an economic and social point of view, however, these are of prime interest. They serve to establish life cycle costs and they help to identify aspects related to employment. In LCC and in SLCA, these items are therefore essential. In social LCA, there are in addition other items that may be of interest, for instance aspects of child labor and spendings on education and charity.
Of course, there are some unclear points in the framework. Is labor part of the social or of the economic satellite, or both? Is the economic information on rent on land fully corresponding to the environmental information on land use, or does it cover another type of information? Such details are to be clarified in due course. The prime message is unaffected:
• There is an upper part, the technological system, that contains information on inflows and outflows of products.
• There is a lower part, the satellite system, that contains information on three sets of flows: environmental items (like water and CO 2 ), factor items (like labor and rent), and social items (like child labor and gender issues).
• The upper part is connected to the upper parts of other processes.
• The lower part forms the basis of calculating impact indicators (like climate change, employment, or income distribution). It is possible to cast the framework in a mathematical formulation on the basis of the one in IOA or LCA; see [12] .
Given a final demand vector f that specifies the functional unit, the technological system that defines the inter-process linkages is written as a technology matrix A. To satisfy the final demand, all processes need to work on a certain level, indicated by scaling factors s. These are found by 1 − = s A f (2) where the superscript -1 refers to the inverse of a square nonsingular matrix.
The satellite system is written as a matrix B. It can be considered as a partitioned matrix [10, 
Applying the same scaling factors s on the satellite matrix B, we can calculate the inventory results g, again as a partitioned set of indicators:
The impact assessment phase translates the inventory results into impacts. Characterisation factors, such as global warming potentials, can be arranged in a matrix form [12] , yielding a characterization matrix Q. Using this characterization matrix the factual characterization step delivering a characterization result h proceeds through
This concludes our conceptual and formal treatment of LCSA as a generalization of LCA.
III. CONDENSING LCSA TO LCA
Having generalized LCA is one step, but is there also a way back? Is it possible to derive LCA from LCSA as a limiting case, like we can derive Newton's mechanics from Einstein's more general theory? Yes, formally we can put all economic and social information to zero, and env env econ econ soc soc
This will save us from collecting data on the economic and social satellite on the expense of not providing indicators for these aspects. But -and this is the crucial thing -the structure of the model is the same. We can use the same software and the same databases, but just "switch off" the economic and social satellite accounts. Fig. 3 shows a screenshot 
Reduction to a carbon footprint simply takes place by selecting only climate change as an impact category, effectively ignoring the characterization factors for all non-climate related impacts and/or ignoring the environmental satellite for other interventions than greenhouse gases. 
V. CONDENSING CF TO ECODESIGN TOOLS
Tools for ecodesign are of an essentially different character than LCA, whether in its extended LCSA or in its condensed CF form. Strictly speaking, they are not a scientific analysis, but practical rules of thumb, derived from scientific analyses by trial and error. For example, the MET approach [7] uses proxy indicators for materials, energy and toxicity as a pars-pro-toto of the total environmental burden. And although the EU directive [15] on ecodesign for energy-using products (EuPs) writes that "the energy consumption of EuPs in stand-by or off-mode should be reduced to the minimum necessary for their proper functioning", it at the same time acknowledges that a more complete analysis provides the ultimate benchmark: "Although a comprehensive approach to environmental performance is desirable, greenhouse gas mitigation through increased energy efficiency should be considered a priority environmental goal pending the adoption of a working plan." Thus, we see clearly the idea of practical rules of thumb, inspired by a combination of complete analysis and experience, and being subordinate in the end to a more comprehensive analysis.
VI. DISCUSSION AND PROSPECTS
Simplifying is a process of omission: leaving out details, concentrating on a subset of aspects, reducing information. It is possible to derive a simple theory from a complex theory, but the converse is not possible. In that sense, the primacy for research is at LCSA, as the most comprehensive analysis.
Ordinary LCA and the carbon footprint can be derived from this more comprehensive analysis by a simple process of omission: skipping the economic and social dimension, or skipping all environmental impact except climate change. In that sense, we can consider this process of simplification as a projection. In a projection we map a description in many dimensions on fewer dimensions. For instance, a photo maps a situation in four dimensions (three spatial dimensions and time) on a situation in two dimensions (two spatial dimensions). The multi dimensional LCSA is mapped on a fewer dimensional LCA or a one dimensional CF.
The derivation of ecodesign criteria proceeds in a different way. Here, it is not a simple projection, but the design of proxy indicators in a process of trial and error. In that sense, validation, or perhaps more appropriately using the Popperian paradigm [16] , falsification, is an essential element of a continuing search and refinement of criteria for ecodesign. An interesting example of a crucial experiment is the test whether cumulative energy demand is an appropriate proxy indicator for the life cycle burden [17] .
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